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Abstract

The analysis of a scientists decision to conduct research in a specific scien-
tific field is an interesting way to trace the emergence of a new technology.
The growth of a research community in size and persistence is an important
indicator of a new scientific field’s vitality. Using a case study on triboelec-
tric nanogenerator (TENG) technology, this study identifies how research
participation and community dynamics evolve during the emergence phase
of a technology, and further what are the key conditions and determinants
of the emergent author network. The study uses scientific publication data
from 2012 through 2017 extracted from the Web of Science database. Results
show communities emerging through actors’ close proximity rather than from
their shared thematic orientation. For individual researchers, the boundary
between prior research and TENG research was negligible partly questioning
the existence Kuhnian paradigm shifts.
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1. Introduction1

Emergence is what a “self-organizing process produces” [1]. Self-organization2

requires actors, organizations and individuals that will take part in the pro-3

cess of emergence. In the context of technological emergence, the dynamics4

of actors taking a role in the discovery process have been broadly analyzed.5

Researchers have studied the emergence of research networks through co-6

authorship [2], co-citation [3], and bibliographical coupling [4]. Researchers7

have used others studies to examine whether authors share terminology and8

create persistent new research topics that might be emerging [5, 6, 7]. In9

practice, an actor’s role has been operationalized through proxies such as the10

average number of authors per paper, the number of contributing organiza-11

tions, and the number of countries or cities in which the authors conduct12

research.13

In 1969, Ayres [8] put forward a framework for the self-organizing dy-14

namic process of actors. This process was based on the number of actors15

being a function of an already known and interesting idea left within a field.16

Ayres followed a Humboldtian notion that the progression of technology and17

selection of research topics are the function of the availability of novel ideas.18

Ayres drew from Holton [9], who stated that only a finite lode of interest-19

ing ideas exists within a scientific field. Once a scientist opens a new lode20

via a scientific discovery, more investigators migrate to the new field. This21

phenomenon is called a ‘gold rush’ as scholars “defect from their old field, in22

search for greener pasture” [8]. As the mine empties, making new discoveries23

more challenging and scarce, researchers are forced to migrate yet again to24

new opportunities [8].25

It is clear that the issue of researchers pursuing a specific research area26

is much more complex than the pure Humboldtian endeavor of a researcher27

(e.g., [10]). A researcher, particularly so called “normal scientist” transition28

easily to agendas that are well-funded. [11] Researchers also look for diversity29

in order to differentiate his or her work from other scientists and mitigate risk30

associated with a narrow focus. The decision of researchers to endeavor in31

a field is interesting when assessing the evolution of a technology. Suominen32

[12] analyzed the number of entrants in and the cohesiveness of a field by33

measuring the introduction of new terms. The use of the entrant measure34

was exemplified in the evaluation of technological progression in two fields:35

direct methanol fuel cells and dye sensitized solar cells. However, the study36

was unable to validate further if Holton’s [9] analogy of a finite space holds37
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true.38

The discussion on communities and actors is not inconsequential to the39

broader topic of technological emergence. Emerging technology is defined40

as a technology that will yield significant benefits for a wide range of eco-41

nomic or societal sectors [13]. The characteristics of emergence are novelty,42

persistence, growth, and community formation [14]. These characteristics43

are often translated to scientometric indicators enabling the operationaliza-44

tion of emergence. Templeton and Fleischmann [15] described emergence as45

noticable through the increase in actors over time.46

However, existing studies mostly represent the dynamics through net-47

works, such as co-authorship [16, 17], co-citation [6], or bibliographic cou-48

pling [18], seldom considering the growth of scholars’ participation and its49

underlying dynamics. Even though the dynamic of scholars’ participation50

is central to Ayres’s and Holtons work [8, 9], there are limited studies that51

quantitatively examine the participation dynamics to track the emergence52

phenomenon. This study relies on bibliometric data with qualitative infor-53

mation acquired from a survey to explore one dimension of the emergence54

phase of a technology – how research participation and community dynamics55

evolve during the emergence of a new technological pathway.56

The structure of this paper is as follows: the first section describes the57

study’s background, focusing on the dynamics of emerging scientific commu-58

nities and their link to the literature on technological emergence. The second59

part of the background describes triboelectric nanogenerator (TENG) tech-60

nology as a case study and what the measures are expected to uncover. The61

third section reviews the data collection process and the methodology, fol-62

lowed by results and discussion in the fourth and fifth sections, respectively.63

2. Background64

2.1. Emergence in communities of practice65

Tracing and conceptualizing the emergence of new technical innovations66

has always been of interest to scholars, as the innovations are closely linked67

with economic prosperity [19]. In the past decades, scholars have used dif-68

ferent terms and taxonomies to define the phenomena and the origins of69

emerging technologies. Schumpeter [20] provided the seminal explanation of70

emerging technologies. Schumpeter depicted technological development as a71

circular flow disrupted by spontaneous changes (primarily from innovative72
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entrepreneurs) to the previously existing equilibrium state. Emerging tech-73

nologies can be the result of either technological development or scientific74

progress.75

The idea of the circular flow in technological change is somewhat analo-76

gous with Kuhns scientific paradigm [21]. Kuhn introduced the concept of77

the paradigm shift in the context of scientific discoveries, an act that aligned78

with the Schumpeterian notion that any progress in science or technology79

is the result of radical change. Kuhns view contrasted with the established80

knowledge of his time – the latter being that the driving force behind scientific81

advances was a steady accumulation of knowledge and ideas. Kuhn argued82

instead that the progress of science occurs during a revolutionary explosion83

of new knowledge, claiming that scientific evolution has a cyclical paradigm.84

The cycle begins in a stable period of normal science, when research is con-85

ducted according to a set of accepted theories among scientific communities.86

Research endeavors then extend the scope and precision of the established87

knowledge in the field. The normal science phase, or puzzle-solving phase,88

which usually has predetermined solutions, precedes a rise in anomalies that89

violate the “paradigm-induced expectations that govern normal science” [21].90

These anomalies begin to accumulate around certain paradigms, forcing sci-91

ence to explore alternatives, to reevaluate current theories, and finally to92

shift to a new paradigm. This is similar to Holton’s [9] image of opening a93

lode.94

Paradigm shifts and technological emergence manifest in changes in a95

given field’s communities of practice or dynamism. Dynamism in research96

communities is mostly analyzed through research collaboration. The mo-97

tives to investigate collaboratively stem from six factors [22]: (1) increased98

research costs, (2) reduced communication costs and travel costs, (3) ad-99

vances in science that depend on interactions among scientists, (4) increased100

awareness of the need for interdisciplinary work, (5) political drivers such as101

funding, and (6) increased scientific specialization. Collaboration is the core102

of community creation, as actors share and learn from each other. Sciento-103

metric studies have extensively examined collaboration in a number of areas,104

such as stem cell research [23], graphene research [24], fuel cells [2], volatile105

organic compounds [25], and global positioning system research [26].106

Studies of Co-authorship often do not consider the growth of communi-107

ties, rather explaining differences in existing communities. Ayres described108

scientific research as comparable to ocean exploration based on the assump-109

tion of an ocean comprises a finite pool of ideas. As new research opens110
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2.2. Triboelectric nanogenerator129

To understand how entrant dynamism reveals the emergence of a new130

technology, the research community growth of TENG technology serves as131

an example. Invented in 2011 by Z.L. Wang at the Georgia Institute of Tech-132

nology and first published in 2012 the TENG is a new technology that can133

effectively harvest ambient mechanical energy from various motions readily134

available but in a sense wasted in our daily lives, such as human motion,135

vibrations, mechanical triggering, rotating tires, wind, and flowing water. A136

nanogenerator comprises two stacked sheets made of materials having dis-137

tinctly different triboelectric characteristics, with metal films deposited on138

the top and bottom of the assembled structure. Research has shown TENG139

technology’s promising applications, such as portable electronics and self-140

powered sensor networks [27].141

TENG technology has great commercialization potential mainly due to142

its capacity to harvest energy from the environment. Efforts have been made143

to explore applications, such as the potential to realize a self-sustaining in-144

tegrated self-powered microsystem [28], and its low-cost fabrication process145

[29]. Research has suggested that TENG technology can be used as sen-146

sors [30], hybrid energy cells [31], portable or wearable electronics [32], or147

large-scale energy (wind or ocean wave) collection devices [33].148

Compared to other technologies, TENGs have shown advantages such as149

high output, high energy-conversion efficiency, as well as abundant choices150

for materials, scalability, and flexibility. The area power density reaches151

599W/m2, the volume power density reaches 15MW/m3, and the energy152

conversion efficiency reaches up to 85%. Specifically, the comparison of153

TENGs with the performances of another mechanical energy harvester, elec-154

tromagnetic generators (EMGs), demonstrates that the output performance155

of EMGs is proportional to the square of the frequency, while that of TENGs156

is approximately in proportion to the frequency. Therefore, TENGs have su-157

perior performance when compared to EMGs at low frequency (typically158

0.1–3 Hz). Moreover, the extremely small output voltage of EMGs at a low159

frequency makes them almost inapplicable to drive any electronic unit that160

requires a certain threshold voltage (≈0.2–4V). Thus, most of the harvested161

energy is wasted. In contrast, TENGs have an output voltage that is usually162

high enough (>10–100V) for such an application and is independent of fre-163

quency so that most of the generated power can be effectively used to power164

different devices [34, 35].165
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Although the estimation of what represents the metaphorical opening of166

a lode or the occurrence of a paradigm shift remains highly subjective, and in167

the case of TENG technology only the future might yield a consensus on its168

impact, strong evidence exists to support TENGs’ paradigm-shifting nature.169

The inventor, Z.L. Wang, currently ranks first in citations in the field of170

nanotechnology and nanoscience1. He and his research group have received171

multiple awards, such as the Ente nazionale idrocarburi S.p.A. (ENI) award172

for the energy frontier. In the ENI press release2 the committee highlighted173

TENGs as a completely new group of devices showing significant potential174

in energy retrieval and generation.175

TENG technology is a valuable case study to understand research partici-176

pation and community dynamics during the emergence of a new technological177

pathway. TENG research would seem to offer a metaphorical opening of a178

lode [9] or a Kuhnian paradigm shift [21] used as a starting point for this179

analysis. The technology merges different aspects of natural sciences from180

materials science (19 % of publications), physics (14.1 % of publications),181

chemistry (17.5 of publications). This cross-disciplinarity increases the ap-182

plicability of the results, but is should be noted that our data does not extend183

the natural sciences.184

3. Data and method185

3.1. Data collection186

Two datasets were used to retrieve information for this study: a scien-187

tific publication database and a questionnaire. Publication data was used188

as a proxy to understand the behavior of research communities in TENG189

technology. The search query used to obtain the data was formulated via190

keywords collected and reviewed by TENG experts at the Georgia Institute191

of Technology. The search was executed in May 2018 and retrieved 1229192

records of TENG publications from the Web of Science (WoS) Core Collec-193

tion database. The search query was limited to the time period from January194

2012 through December 2017.195

The questionnaire was designed to collect information on why researchers196

selected to participate in TENG research and from what origins. This al-197

lowed to understand the central motivation, which is key in Holton’s [9]198

1http://www.webometrics.info/en/node/198
2https://www.eni.com/en_IT/media/2018/07/winners-of-the-2018-eni-awards-announced
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framework. Ayres [8] explained Holton’s framework as follows: that an ac-199

tor entering research would be motivated by the ease of making new dis-200

coveries. The framework also suggests that when no more easy discoveries201

remain, many researchers find new topics elsewhere. The questionnaire re-202

spondents were asked, using open-ended questions, what their motivations203

to start TENG research were and, if they had considered dropping the re-204

search, could they explain why. In addition, the topical distances between205

researchers who joined together was a focal point for the research. Kuhn’s206

notion that researchers making paradigm shifts are new to the field was also207

tested through an open-ended question about what researcher were active208

prior to their TENG research. Furthermore, the questionnaire contained an209

open-ended question to identify if the respondents could identify commu-210

nities that had emerged around TENG research. This was used to better211

understand if vehicles existed to support community creation. Finally, the212

questionnaire inquired about the researchers’ background (e.g., years in re-213

search). The questionnaire recipients were 615 authors of TENG publications214

retrieved from the WoS database. Authors with missing email information215

were excluded from the survey. The questionnaire is Appendix A.216

3.2. Research participation and uptake measures217

The publication data was analyzed using a Python script, reading the218

downloaded data from the WoS. The process read the tabulator-delimited219

files and extracted the author field (AF) for further analysis. The names220

listed as authors for each publication were separated into single entities:221

authors. A data structure was formed to give each author a unique ID and222

organization, a list of co-authors, and a list of used emails.223

Organizations were connected to authors in two ways: first, author affil-224

iations that were nested in a C1 field enabled each author to be connected225

with a specific organization; second, records that did not have a clear deter-226

mination of author organizations (i.e., no links from the C1 field) meant that227

only the reprint author was affiliated with an organization.228

The AF was also used to link co-authors. For each paper author, the script229

stored a list of co-authors. If the authors’ email addresses were available,230

each author was also linked to their co-authors’ email addresses. The script231

checked the availability of email addresses and then linked email addresses232

with the associated reprint authors. If multiple emails were provided, the233

script examined if the number of emails corresponded with the number of234

authors. If the number of emails and authors matched, the emails were235
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linked and were expected to appear in the same order as the authors’ names236

appeared. Finally, each authors record was linked to the record’s publication237

years, title, funding origin, and scientific subject category.238

The Python script operationalized research community participation with239

four variables: the number of authors entering yearly, the number of authors240

exiting yearly, and the yearly count of active authors. The first measure was241

defined by the number of authors who first published in a given year t. The242

second measure was defined by the number of authors published in year t who243

had not subsequently published in the field (t + n). This analysis excluded244

the last two years in the dataset, since the reliable estimations of exiting245

could not be made so near the end of the time series. The third measure246

was calculated by counting each author active in the years they entered and247

exited the field. If an author did not exist on the active author list before the248

last two years of the time series, then that author was calculated as active249

from the time of first publication to the end of the time series. The fourth250

measure was the number of unique authors in a given year. This did not take251

into account any other values than the amount of unique author identifiers.252

The difference between the active authors and the authors’ yearly count is253

that the former did not require authors to publish in each year between their254

first and last publication to be regarded as an active researcher in the field.255

3.3. Communities of researchers256

To better understand the growth of communities, individual actors were257

not the only consideration in this study; co-authorship at both individual258

and organizational levels was considered. The WoS data was sliced based on259

years and uploaded to VOSviewer software [36]. An analysis based on years260

enabled an investigation of changes in community structure through commu-261

nity formation. Parameters used to analyze data in the VOSviewer were full262

counting, including all publications, no expectation of a minimum number of263

citations or publications, and calculations for all authors. In the last stage,264

authors with no connections to the other scholars or organizations within265

the dataset were excluded. The results from the VOSviewer were imported266

to Gephi for network analysis. For each year, basic network statistics were267

calculated, which allowed for a deeper understanding of network growth.268

Communities were also analyzed at the national and organizational levels.269

Publication records were connected to the communities’ associated countries270

using full counting. Similarly, the yearly organizational-level activities were271
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calculated using the full counting of identified organization names. To un-272

derstand whether TENG research communities were growing or becoming273

more dispersed, the Herfindahl–Hirschman Index (HHI) was calculated on a274

yearly basis for both national and organizational levels. Finally, the devel-275

opment of TENG communities throughout the time series was analyzed at276

an organizational level. The modularity algorithm [37] embedded in Gephi277

was used to uncover TENG research communities from the full data.278

Major communities were further examined to determine the geographical279

and thematic boundaries of TENG research communities. The geographi-280

cal boundaries of communities were analyzed using Google’s geocoding API.281

Each organization was geocoded to acquire their latitudinal and longitudinal282

information. Then, the distances between the co-authoring authors organi-283

zations were calculated. TENG research communities were scrutinized using284

topical concentration and physical distance measurements. Topical concen-285

tration was calculated based on distribution of author-assigned keywords286

using HHI within each major research community. Physical distance was287

evaluated as the average physical distance between communities.288

Finally, topical changes within the whole TENG community were evalu-289

ated. Topical change was calculated by extracting terms from abstracts on a290

yearly basis. Prior to extracting terms, common scientific publication stop-291

words were removed and n-grams in the abstracts were merged. For each292

term extracted, a delta value was calculated as the difference of the term293

appearing at year t and t+ 1. This topical change value was used to under-294

stand the thematic changes within the research community. The important295

terms from all major communities were qualitatively compared to the overall296

thematic changes.297

4. Results298

The absolute volume of TENG research publications has been growing,299

and we can identify several emergent factors (see Figure 2). TENG has300

a clear invention date and first publication date in 2012, which pinpoints301

the emergence timewise. The analysis of the retrieved WoS data showed302

a strong increase in publications. Publication volume had increased from303

approximately 50 publications in 2012, the year of first publications, to a high304

of 402 in 2017. This increase of 704 % in publication numbers is the product305

of research uptake and is much higher than the overall growth of scientific306
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publishing, which is approximately 5% per year [38]. It also suggests a clear307

persistence, as the technology has already been around for several years.308

Figure 2: The yearly distribution of TENG scientific publications from 2012 through 2017.
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4.1. Qualitative insights from the questionnaire309

Community creation was confirmed via a questionnaire sent to TENG re-310

searchers in the beginning of June 2018. During almost three weeks, 41 of 615311

researchers responded to the questionnaire. The results derived from survey312

analysis are presented in Table 1, and the content of the questionnaire is pre-313

sented in Appendix A. About half of the respondents identified themselves as314

senior scientists (48.78 %), which means they have an independent research-315

and-development position in academia with significant control over research316

topics. The remaining respondents were at mid-senior- (26.83%) or junior-317

level (14.63%) positions with partial or no control over their research topics.318
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For industry position the respondents did not have senior-level respondents,319

but included 4.88 % mid-level and 2.44 % junior-level respondents. Finally,320

the respondents included 2.44 % holding a emeritus position.321

Almost all respondents had affiliated themselves with one or more TENG-322

related conferences, annual summits, or journals articles. Based on the323

respondents’ answers, the major scientific venues for the TENG research324

community were identified as the Nanoenergy and Piezotronics International325

Conference, the Materials Research Society Conference, and the Nanoenergy326

and Nanosystems International Conference.327

Although TENG technology was introduced in 2012, 41% of respondents328

reported that they had research careers between 5 and 15 years in length,329

and 34% reported a research career of more than 15 years. Respondents had330

been engaged with research for 12 years on average. According to Table 1,331

95% of respondents would continue their research on TENG and stay in the332

community. In addition, 82% of respondents were then currently working on333

or planning to propose research projects with a focus on TENGs.334

Respondents active in TENG research had different research backgrounds.335

Open-ended responses were labeled as 11 categories (see Table 1). It should336

be noted that each respondent could have been affiliated with more than one337

cluster. The majority of respondents (26%) were active in the topics of energy338

harvesting materials. The second and third clusters had a similar rate of339

affiliated respondents: 17% each. The following research clusters containing340

less than 10% of responses: nanogenerators, micro/nano electromechanical341

systems, piezoelectric electronics, physics, graphene, mechanical engineering,342

and material science in general.343

Regarding scientists’ main motivations to join the TENG research com-344

munity, the answers were clustered into six main categories (see the last345

section of Table 1). “The potential applications of TENG technology in the346

future” and/or “TENG is a multi-purpose emerging technology” attracted347

almost 60% of respondents to conduct TENG research. “Novelty charac-348

teristic of TENG technology” was the second most important reason why349

respondents (14%) decided to join the TENG research community. About350

9% of respondents reported that personal research interests motivated them351

to engage with TENG research. Another 9% of respondents identified “the352

rapid development” and “the current high performance” of TENGs as the353

motivation for pursuing TENG research. “Building research network” and354

“Collaboration with industry” were the reasons for only 5% of respondent.355

Overall, respondents seemed to associate their TENG research with re-356
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search they had been conducting for a longer period. This is apparent from357

the fact that the majority of respondents affiliated themselves with TENG re-358

search for a period longer than the technology’s invention date. Researchers359

were engaging with TENGs mostly due to the intrinsic motivation [39] of360

applying TENGs as a multipurpose technology.361

Table 1: The result of questionnaire
Research Time
and duration

Time period
(Year)

Number of
respondents

Number of
respondents
(%)

Notes

Involved in research
activities

Min (1- 5 years) 10 24%
Ave (5-15 years) 17 41%
Max (more than 15) 14 34%

Intention to leave
TENG research

Yes 2 5 % The reasons are not reported.
No 38 95%

Involved in preparing
TENG project for future

Yes 34 82%
No 7 17%

Respondent’s current
field of research
(Cluster Number)

Cluster Name
Number of
respondents

Number of
respondents
(%)

Notes

1 Energy harvesting material 14 26%

2
Sensors, self-powered sensors,
sensor network analysis

9 17%

3
Triboelectric nanogenerator
(TENG)

9 17%

3 Other fields 6 11%

e.g. vascular biology, printed device,
vibration, synchrotron radiation techniques,
li-on battery, flexible electronics, automated
driving and active safety system.

4 Nanogenerators 4 7%

5
Micro/nano electromechanical
systems (MEMS/NEMS)

4 7%

6 Piezoelectric electronics 3 6%
7 Physics 2 4%
9 Graphene 1 2%
10 Mechanical Engineering 1 2%
11 Material science 1 2%

Motivation factors
to engage with TENG

Cluster Name
Number of
Respondants

Number of
Respondents
(%)

Note

1
Potential application
in future

26 60%

e.g. Power source for LED light, electronic devices,
micro-sensors, wireless sensor networks, wearable
display, artificial electronic skin,
application Internet of things (IoT)

2 Novelty 6 14%

3
Personal research
interest

4 9%

4
Promising development trend
and current performance

4 9%

5 Collaboration purposes 2 5%
e.g. Collaboration with specific companies and
colleagues within the research communities

6 Other reasons 1 2%
e.g. Engaged because of being in a field of research
thematically close to TENG.

4.2. The research community analysis results362

Central to the notion of Holton [9] was that a new promising field would363

attract researchers to join that field. The idea further developed by Ayres [8]364

claimed that researchers are prone to exit a field if it does not yield results.365
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Table 2: Network measures for each year of TENG co-authorship networks.

Network measure 2012 2013 2014 2015 2016 2017
Nodes 91 128 233 568 763 1094
Edges 365 579 1107 2792 3863 5680
Average Degree 4.011 4.523 4.751 4.915 5.063 5.192
Network Diameter 5 4 5 7 9 9
Graph Density 0.089 0.071 0.041 0.017 0.019 0.01
Avg. Path Length 2.216 2.121 2.709 3.105 3.439 3.682

In addition to participation growth in the field, emergence requires some385

coherence. TENG research is a highly cooperative research area. Co-authorship386

of TENG publications describes progress of TENG community development.387

Figure 4 shows the co-authorship changes throughout the study’s period. As388

seen in the figure, two distinct clusters of researchers are identifiable, both389

connected by a few central authors but separated by a number of researchers390

who do not co-author broadly. In the figure, we can also clearly identify the391

central role of the inventor, see as the largest orange node.392

Complementing Figure 4, the analysis of the yearly network formation393

for TENGs enables understanding of the area’s growth. Network measures394

are shown in Table 2. The average degree, the average of all author connec-395

tions with other authors, has remained relatively stable. An author has, on396

average, four to five co-authors in a given year. Co-authorship is often stud-397

ied on a paper level, whereas results here focus on the community around a398

researcher per year. The literature shows that paper-level co-authorship is399

on average approximately four authors [40]. In this context, TENG research400

does not differ from other scientific endeavors.401

When the author count increases the diameter of the network, the longest402

path in a network grows as new researchers join at the ends of the network,403

with limited cooperation within the community. The average path length404

also increases, which means not only one or two researchers are at the ends405

of the network, but the overall community is becoming more sparse. Network406

diameter, the ratio between author connections to all possible connections,407

also decreases to support the notion of a more sparse community.408

One characteristic of emergence is global presence [41]. Although the409

results of this study indicate that the community has grown in terms of410

individual actors, they tell little of the community’s global growth. In Figure411
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5, the global spread of TENG research is evident. The figure shows that while412

a community is growing by the number of actors, it really is only centered413

on three countries: the USA, China, and South Korea; all other countries414

show only modest publication counts. The number of countries with at least415

one TENG publication has grown from seven in 2012 to 32 in 2017. This416

development is similar to the findings in the emergence of fuel cell technology417

[2], where the number of countries grew linearly. Interestingly, if a threshold418

of countries with at least five publications is used, as in [2], only two countries419

met that limit in 2012, growing to 10 in 2017. A similar pattern was seen in420

fuel cell technology.421

The connection between authors and countries identified the sparse con-422

tributions from all except the core countries. The majority of authors in the423

dataset were affiliated with an organization based either in China, the USA,424

or South Korea. In 2012, the number of publications from China increased425

from 11 in 2012 to 226 in 2017 and the USA increased from seven in 2012426

to 120 in 2017. It should also be noted that some authors can have several427

affiliations, which were whole counted to accredit each mentioned country.428

Notable increases in the number of publications have taken place in South429

Korea. While South Korea had just three publications in 2013, in 2017 its430

publication number had grown to 84. All other countries remained at an431

extremely low publication growth rate. Countries such as the United King-432

dom or Germany, which account for a significant amount of global scientific433

production, had less than 20 publications each.434

The HHI highlighted the concentration of the scientific community. On435

a national level, TENG research was significantly concentrated. HHI values436

had grown from 29% in 2012 to a high of 37% in 2013, and then to 25% in437

2017. For comparison, the overall concentration of scientific research is ap-438

proximately 10% [42]. Ultimately, although the TENG research community439

appears to be global, it has actually been concentrated in a small number of440

countries.441

At an organizational level, the Chinese Academy of Sciences and the442

Georgia Institute of Technology are the core organizations in the field. From443

2012 through 2017, these two organizations accounted for nearly 30% of444

publications, often with researchers sharing affiliations. Comparing the two445

largest organizations with the rest, it is noteworthy that the 34 next-largest446

organizations produced roughly the same amount of publications as the two447

largest. Table 3 highlights organizations with over 20 publications, 2012–448

2017.449
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Table 3: Organizational-level publication counts in TENG research, 2012–2017.
Organization 2012 2013 2014 2015 2016 2017 Total
Chinese Academy of Sciences 4 30 54 77 84 112 361
Georgia Institute of Technology 7 34 58 75 74 80 328
Chongqing University 5 9 18 18 17 67
Peking Univeristy 6 8 11 13 18 56
Universty of Science & Technology of Beijing 1 2 13 13 15 44
Korea Advance Institute Science & Technology 2 9 11 17 39
National Center for Nanoscience and Technology 6 31 37
Tsinghua University 3 5 8 9 11 36
University of Chinese Academy of Sciences 5 25 30
Huazhong University of Science and Technology 2 2 2 6 4 7 23
National University of Singapore 1 1 6 8 7 23
University of Electronic Science and Technology of China 3 5 2 7 6 23
Sungkyunkwan University 2 6 9 5 22
Kyung Hee University 2 4 6 9 21

Table 4: Organizational count and organizational concentration using HHI.

Measure 2012 2013 2014 2015 2016 2017
Count 27 40 67 117 174 274
HHI 7% 15% 13% 8% 5% 3%

Focusing on the emergence characteristic of global presence, the number of450

organizations had grown more dramatically than has the number of countries451

with a significant role. From the start of 2012 to the end of 2017, the number452

of organizations had grown from 27 to 274, as seen in Table 4.453

Using the HHI for organizational authorship, TENG research has not454

been a particularly concentrated research community, especially when com-455

paring on a national level. Table 4 shows that the field continued to become456

more concentrated from the beginning of 2012 to the end of 2015, when it457

began to diminish in concentration to the end of 2017. It is noteworthy that458

even though the two largest organizations have played a significant role, the459

increase in the number of organizations keeps the HHI values small. The460

community formation is visualized by co-authorship network on an organi-461

zational level, as seen in Figure 6. In the figure, strong links are evident462

between the Chinese Academy of Sciences and the Georgia Institute of Tech-463

nology seen as the largest green nodes. However, it is worth mentioning the464

dual position of Z.L. Wang as the central author in Figure 4; Wang has led465

the TENG research in both leading organizations. This connection might466

overemphasize the link between the organizations.467

The co-authorship network from 2012 through 2017 was used to evaluate468

the types of communities formed (as seen in Figure 6 ). The communities469
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Table 5: The four largest communities in TENG research as measured by thematic con-
centration and physical distance.

Community HHI Average Distance (km) St.dev N (organizations)
1 0,74 3891,40 4891,70 82
2 0,75 6854,46 4236,96 69
3 1,42 4094,62 4236,87 56
4 0,91 5696,92 5297,54 34

The relatively low correlation did not allow for strong conclusions, but the487

table does clearly demonstrate that in addition to the cluster of authors, new488

communities grew from regionally bound spaces, such as a community that489

has a high concentration of South Korean organizations.490

Table 6 describes the thematic changes in TENG research overall. The491

most important terms are centered on the core technology elements. Terms492

such as “TENG,” “triboelectric,” and “device” remain among the most emer-493

gent. The only significantly emergent application on the table is the emer-494

gence of sensors and wearable applications.495
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20122013 20132014 20142015 20152016 20162017
1st TENG (121) TENG (61) TENG (169) TENG (190) TENG (243)
2nd energy (44) energy (54) energy (114) triboelectric (65) energy (164)
3rd triboelectric (31) power (30) power (102) efficiency (34) power (95)
4th device (20) motion (27) device (83) surface (33) triboelectric (71)
5th voltage (20) system (24) triboelectric (75) stretchable (31) sensor (69)
6th mechanical energy (19) high (23) high (62) frequency (30) wearable (66)
7th effect (17) water (23) voltage (51) high (30) system (61)
8th current (17) sensor (20) sensor (51) device (29) self-powered (60)
9th power (17) electric (19) flexible (50) electrical (27) surface (58)
10th technology (16) contact (18) system (50) hybrid (24) high (58)
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Concerning different communities, the second community, on which most496

TENG research is centered including the inventor of the technology, the most497

frequently used terms were “TENG” or “energy harvesting”. The term occur-498

rence suggests that this community has been focused on the core technology.499

Other communities around the technology have had different thematic ori-500

entations. The first community was thematically concentrated on important501

terms such as “self-powered sensor arrays” and “silk fibroins.” These terms502

are highlighted as they are not presented in the other communities. The503

third community appears to have been specialized through terms such as504

“self-healing” and “TENGs”. The fourth community was connected through505

terms such as “in vivo energy harvesting” and “arterial pulse monitoring,”506

which did not appear in other communities. Interestingly, these differences507

are not visible in Table 6; they are much subtler. The selected terms are508

highlighted as they appear in a particular community but are not visible in509

any other major community.510

5. Discussion and conclusion511

In this paper, we studied the authorship dynamics of a newly emerging512

research field – TENG technology. The aim was to find the characteristics of513

research community development. This is important because studies analyz-514

ing technological emergence usually use terms as a measurement, while the515

theoretical background on emergence would suggest a broader vantage point516

[e.g. 8]. While authors such as Kuhn [21] focused on the paradigm shift, and517

more contemporary studies on technological emergence have focused on the518

characteristics of a technical entity [e.g. 41], a researcher’s decision to join519

an emergent field is central to its emergence and development. There have520

certainly been studies on researcher motivations [39], but the literature on521

authors’ decisions to join a new research field does not really exist.522

In this study, we found that a novel discovery quickly engaged researchers523

to join that discovery’s field. Spreading through the central actors, new schol-524

ars joined the research on the periphery of the author network. Within six525

years, a strong organizational network had emerged, and although the origi-526

nal community can still be identified, new communities have emerged with a527

significantly stronger regional boundary. Subtle thematic differences are also528

visible, but overall the field has remained relatively homogeneous. This sug-529

gests that community building and the departure from the seed community is530

driven by localities and not so much by research focus. This is clearly visible531
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within TENG studies, with the exception of medical applications evident for532

the fourth community identified in this study. In addition, as seen in Figure 5,533

the number of organizations on the periphery of TENG research is not linked534

to any community. Although the four major communities highlighted in this535

study continually dominated, the modularity algorithm resulted in a total536

of 87 communities. It remains in question how this many new communities537

were built on the discovery of TENGs. Holton’s [9] notion of easy research538

opportunities as the driver for joining a research field should be thoroughly539

revisited to better understand the motivations of the outlier organizations.540

Interestingly, the findings from the questionnaire could yield a partial541

explanation for the numerous outliers in this case study. Questionnaire re-542

spondents reported a significant amount of time in their research careers543

before shifting their focus to TENGs. This suggests that researchers did544

not consider changing their field of study when starting research on TENGs;545

they rather continued existing research through TENGs. This highlights that546

the researchers were not new to research or to the field, and that arguably,547

the cognitive distance was minimal between work these researchers had done548

before TENGs and with TENGs. Respondents’ perception was that their549

TENG research had formed a logical continuum with their previous research550

agenda. This poses a question: Is TENG technology a Kuhnian shift in the551

paradigm [21] or simply a continuation of normal science?552

If TENG technology proves to be a paradigm shift, it will take future553

research to confirm this. Our current findings on the importance of TENGs554

would support its significance as a scientific breakthrough. Journal citations555

and numerous awards based on peer-evaluation are significant evidence of its556

importance. If we accept the TENGs as a paradigm shift or as a metaphor-557

ical opening of Holton’s lode, we need to better understand the cognitive558

distance of paradigm shifting discoveries. Based on our findings, paradigm559

shifts do not require a declaration that the “model is broken” and that the560

actors pushing the paradigmatic change be new to the field. This forces us561

to question if the Kuhnian paradigm shift is valid for the current scientific562

process.563

The findings of this study offer a different perspective on the analysis of564

emergent technology. Besides the most recognized characteristics [e.g. 41],565

we find the need to look at technological emergence through the dynam-566

ics of research community formation. Further research is needed to better567

understand why individual actors make a decision to conduct research in a568

particular field. While motivational studies [e.g. 39] have provided some ev-569
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idence, using the framework of Holton [9] as a foundation, we should better570

understand the selection to opt-in and opt-out of a line of study.571

In addition, our results suggest that community creation is local. Even572

though there is much research on the internationalization of science, our re-573

sults show that early communities of research would be more local. This574

could suggest that, at an early stage, research tends to be bound by geo-575

graphical closeness or similarity. This would be a mechanism of community576

formation (or departure from the original community).This has policy im-577

plications, as it emphasizes the need for the creation of regional policy in578

supporting emergent technology at an early phase. This could translate into579

strong regional clusters [44] and/or ecosystem [45] policies.580

Finally, given the many outlier organizations in this case study, further581

research on why and how new actors are integrated into communities could582

yield a better understanding on how locally bound clusters become stable and583

global. The results suggest that the academic process can communicate inter-584

esting results among researchers who can independently adopt these results585

without collaborative interactions. However, as there are inherent benefits to586

research cooperation [22, 46], community formation is rapid after the initial587

phase. This suggestion has research policy and management implications, as588

policies should be in place to support integration and community formation589

where actors identify researchers as outliers in a promising field.590

This study is not without limitations. The time series of the data related591

to TENG publications is rather short. It also only covers the authors’ in-592

formation from 2012 through 2017. Future research can include a broader593

spectrum of research topics existing in the neighborhood of TENG within or594

beyond material science research fields. Moreover, this study excluded publi-595

cations not in the English language; Chinese authors or academic institutes,596

for example, might prefer to publish in the Chinese language via national597

journals. It is also worth considering other scientific publication databases598

besides the WoS, since the proliferation of WoS-indexed publications by Chi-599

nese authors within a specific field or time period can be the result of reward600

incentives provided by governments. In addition, the sample of questionnaire601

respondents’ could have been increased with a longer response period. Al-602

though sending reminders to prospective respondents, targeting prospective603

respondents in conferences etc. could have yielded a broader sample. Finally,604

to ensure generalizability, there should be replication studies conducted to605

better assess the impact of the technologically bound sample used in this606

study.607
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Appendix A. Questionnaire850

You have received the attached survey on the dynamics of TENG research851

community because you have published research related to TENG technology.852

This survey tends to acquire information on research activities of involved853

TENG researchers which can be utilized as an indicator that can track the854

TENG technology development.855

The survey is sent to you via a personalized link based on your email856

address. Email addresses are gathered based on the corresponding author857

information in TENG related publication. If you have, during your career,858

used several email addresses corresponding author contact email, there is a859

possibility that you have received multiple links through different email ad-860

dresses. We hope you will only answer through one of the links provided. All861

replies to this survey are confidential, and no information enabling the iden-862

tification of persons will be requested. The survey results will be presented863

in a statistical form or as summaries of answers to open questions in such a864

manner that individual respondents cannot be identified at any stage. Raw865

data from the survey will not be shared with anyone prior to making sure866

that the responses are fully anonymized. We have estimated that this survey867

will take 10-15 minutes of your time.868

1. Please define your current field of study. *869

...............................................................................................................870

...............................................................................................................871

...............................................................................................................872

873

2. How many years of experience do you have in research?874

875

O 1 O 2 O 3 O 4 O 5 O 6 O 7 O 8 O 9 O 10 O 11 O 12 O 13 O 14 O876

15 O 16 O 17 O 18 O 19 O 20 and over877

32



3. 3. Please select the option that describes best your position? *878

879

O Emeritus, retired from research and development position in academia880

O Emeritus, retired from research and development position in the in-881

dustry882

O Senior, an independent research and development position in academia883

with significant control over topic of research.884

O Senior, an independent research and development position in indus-885

try with significant control over topic of research.886

O Mid senior, an independent research and development position in887

academia with some control over the topic of research888

O Mid senior, an independent research and development position in889

industry with some control over the topic of research890

O Junior, an entry level position with limited control over the topic of891

research in academia892

O Junior, an entry level position with limited control over the topic of893

research in industry894

O Support, a research support position such as technician895

O Support, a research support position such as research engineer896

897

4. Shortly describe, what motivated you to start research on TENGs?898

...............................................................................................................899

...............................................................................................................900

...............................................................................................................901

902

5. What research topic(s) were you involved with, if any, prior to starting903

research on TENG?904

...............................................................................................................905

...............................................................................................................906

...............................................................................................................907

908

6. Have you stopped or are you considering stopping research on TENGs?909

O Yes910

O No911

912

7. If you answered ”yes” to Question 6, please explain shortly your moti-913

vations for stopping or considering stopping research on TENGs914

...............................................................................................................915
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...............................................................................................................916

...............................................................................................................917

918

8. Have you participated in any annual conferences, summits or seminars919

that are directly related to TENGs? If so, please provide the names920

of the conferences, summits or seminars you have participated. If not,921

leave empty.922

...............................................................................................................923

...............................................................................................................924

...............................................................................................................925

926

9. Are you currently working on or planning to propose research projects927

directly focusing on TENGs?928

O Yes929

O No930

931

10. How do you see the future of TENG technology in terms of research ac-932

tivities and commercialization to the industry? Please shortly explain.933

...............................................................................................................934

...............................................................................................................935

...............................................................................................................936

937
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Figure 4: Co-authorship in TENGs, 2012–2017. Color represents cluster resulting
from an analysis done by VOSviewer. The network graph is available online at http:

//arhosuominen.fi/TENG/author/ and the related datafile at http://arhosuominen.

fi/TENG/author/author_TENG.gexf
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